Green fluorescent proteins (GFPs) and variants thereof are widely used to study protein localization and dynamics. We engineered a specific binder for fluorescent proteins based on a 13-kDa GFP binding fragment derived from a llama single chain antibody. This GFP-binding protein (GBP) can easily be produced in bacteria and coupled to a monovalent matrix. The GBP allows a fast and efficient (one-step) isolation of GFP fusion proteins and their interacting factors for biochemical analyses including mass spectroscopy and enzyme activity measurements. 
ants thereof became popular tools to determine protein localization and, in combination with fluorescence photobleaching techniques, provided unique information on protein dynamics in living cells (1) (2) (3) (4) . Necessary additional information on DNA binding, enzymatic activity, and complex formation can be obtained with various methods including chromatin immunoprecipitation (ChIP) and affinity purification (5, 6) . These methods, however, are hampered by the limited availability of specific antibodies. Those limitations are often bypassed by fusing the protein of interest to specific epitope or protein tags including hemagglutinin, c-Myc, FLAG, or GST (7, 8) . Curiously GFP, the most widely used labeling tag in cell biology, is rarely used for biochemical analyses, although various mono-and polyclonal antibodies have been described (9, 10) . This may be due in part to limited availability and specificity as well as co-eluted heavy and light antibody chains that interfere with subsequent analyses. An alternative to conventional antibodies are variable single domain antibody fragments, also referred to as V H H, derived from heavy chain antibodies of Camelidae (11) . These V H Hs, which present the smallest intact antigen-binding units with a molecular mass of about ϳ15 kDa are highly soluble and stable and can be efficiently produced in heterologous systems (12, 13) . V H H fragments have been used like conventional antibodies for various immunological applications (14 -16) .
Here we describe a novel application of a 13-kDa GFP binding fragment derived from a llama single chain antibody (17) . This GFP-binding protein (GBP) has a small (2.5 ϫ 4.5-nm) barrel-shaped structure and can easily be produced in bacteria. We immobilized the GBP to generate a GFP-nanotrap, which enables a fast and efficient isolation of GFP fusion proteins and their interacting factors for biochemical and ChIP analyses. Moreover we demonstrated that the GFP-binding protein can be fused with structural proteins to ectopically recruit GFP fusion proteins and interacting factors at defined regions in living cells.
EXPERIMENTAL PROCEDURES
Expression and Purification of the GBP-Llama immunization, V H H library construction, and selection of the GBP were described previously (17) . The coding sequence of the GFP-binding V H H domain was cloned into the pHEN6 (18) vector using the NcoI and NotI restriction sites adding a C-terminal histidine (His 6 ) tag, and chemically competent Escherichia coli BL21 cells were transformed. For expression and purification a 500-ml E. coli culture was induced with 1 mM isopropyl ␤-D-1-thiogalactopyranoside for 20 h at room temperature. Bacterial cells were harvested by centrifugation (10 min at 5000 ϫ g), and the pellet was resuspended in 10 ml of binding buffer (1ϫ PBS, pH 8.0, 0.5 M NaCl, 20 mM imidazole, 1 mM PMSF, 10 g/l lysozyme). The cell suspension was incubated for 1 h at 4°C in a rotary shaker and then sonified (6 ϫ 10-s pulse) on ice. After centrifugation (20 min at 20,000 ϫ g) soluble proteins were loaded on a preequilibrated 1-ml HiTrap column (GE Healthcare) and purified. The His-tagged GBP was eluted by a linear gradient ranging from 20 to 500 mM imidazole. Elution fractions containing the GBP were pooled and dialyzed into PBS. Protein concentration was adjusted to 1 g/l. The yield of purified GBP/liter of bacterial culture was in the range of 10 -15 mg.
Expression Plasmids-For bacterial expression and purification of GFP we used the bacterial expression plasmid pRSet5D containing the GFP coding sequence with a C-terminal His 6 tag kindly provided by B. Steipe. For mammalian cells we used the following expression vectors encoding different fluorescent fusion proteins: pEGFP-C1, pEYFP-C1, pECFP-C1, GFP-␤-actin (all from Clontech), GFP-Lamin B1 (19) , GFP-PCNA (20) , mRFP-PCNA, GFP-Dnmt1, and GFPDnmt1(P1229W) (21) . We also used mammalian expression vectors containing cDNAs coding for mRFP1 (22) , mCherry, or mOrange (23) kindly provided by R. Tsien. Overlap extension PCR was performed to construct the CFP I147N and the CFP T154M using mutagenic primers CFP-I147N-FW (5Ј-GAGTACAACTACAACAGCCACAACGTCTA-TA-3Ј) in combination with CFP-I147N-Rev (5Ј-AACGTCTATATCAT-GGCCGACAAGCAG-3Ј) and CFP-T154M-FW (5Ј-AACGTCTATATC-ATGGCCGACAAGCAG-3Ј) in combination with CFP-T154M-Rev (5Ј-CTGCTTGTCGGCCATGATATAGACGTT-3Ј), respectively, and the flanking primer CFP FW (5Ј-GATCCGCTAGCGCTACCGGTCGCCAC-CATG-3Ј) and CFP-Rev (5Ј-AACGTCTATATCATGGCCGACAAGCA-G-3Ј). The PCR fragment was cloned into the NheI/BsrGI site of the pECFP-C1 vector. For GBP-Lamin B1, the Lamin B1 was amplified from GFP-Lamin B1 by PCR with primers LaminB1EcoRV#F (5Ј-CC-CCGATATCGGCGACTGCGACCCCC-3Ј) and LaminB1HisNotI#R (5Ј-GGGGGCGGCCGCCTAGTGATGGTGATGGTGGTGTTACATAATTG-CACAGCTTC-3Ј). The PCR product was purified, digested with EcoRV and NotI, and ligated into the EcoRV/NotI sites of the GFP chromobody vector. All resulting constructs were sequenced and tested for expression in HEK 293T cells followed by Western blot analysis.
Antibodies-For immunoprecipitation and immunoblotting a mixture of two anti-GFP monoclonal antibodies (clones 7.1 and 13.1) from Roche Diagnostics and an affinity-purified polyclonal anti-GFP antibody raised in rabbit (a kind gift from D. Nowak, Berlin, Germany) were used. Precipitated proteins were detected with antibodies against GFP, mRFP, Lamin B (H-90, Santa Cruz Biotechnologies), ␤-actin (monoclonal anti-␤-actin, Sigma), and PCNA (monoclonal anti-PCNA, clone 16D10). Promyelocytic leukemia protein (PML) bodies were detected with a monoclonal anti-PML antibody (5E10).
Immunoprecipitation-1 ϫ 10 6 -1 ϫ 10 7 HeLa, HeLa H2B-GFP, or HEK 293T cells either mock-treated or transiently transfected with expression vectors coding for GFP, YFP, CFP, mRFP, mCherry, mOrange, GFP-␤-actin, GFP-Lamin B1, GFP-PCNA, or GFP-Dnmt1 were homogenized in 200 l of lysis buffer (20 mM Tris/HCl, pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 2 mM PMSF, 0.5% Nonidet P-40). For extraction of GFP-Lamin B1 or H2B-GFP the lysis buffer was modified by adding 0.5 M NaCl, 1 g of DNase I, 5 mM MgCl 2 , and 0.1% SDS. After a centrifugation step (10 min at 20,000 ϫ g at 4°C) the supernatant was adjusted with dilution buffer (20 mM Tris/HCl, pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 2 mM PMSF) to 1 ml. 20 l (2%) were added to SDS-containing sample buffer (referred to as input). 1 g of purified GBP or 2 g of anti-GFP antibodies were added and incubated for 5-60 min on an end-over-end rotor at 4°C. For pulldown of immunocomplexes 25 l of an equilibrated mixture of protein A/G-Sepharose (Amersham Biosciences) were added, and incubation continued for 60 min. After a centrifugation step (2 min at 5000 ϫ g at 4°C) supernatant was removed, and 2% was used for SDS-PAGE (referred to as flow-through). The bead pellet was washed two times in 1 ml of dilution buffer containing 300 mM NaCl. After the last washing step the beads were resuspended in 2ϫ SDS-containing sample buffer and boiled for 10 min at 95°C.
Column-based GFP Purification-1 mg of purified GBP was covalently coupled to 1 ml of N-hydroxysuccinimide-Sepharose (GE Healthcare), according to the manufacturer's instructions, generating the GFP-nanotrap. Subsequently 50 l of the GFP-nanotrap was transferred to a 1-ml column (MoBiTec) and preequilibrated with 5 ml of dilution buffer. Protein extracts of GFP-producing cells were prepared as described above, and the soluble protein fraction was loaded onto the column. The protein solution (1 ml) passed through the column at 100 -200 l/min flow rate. Subsequently the column material was washed (two times) with 1 ml of dilution buffer containing 300 mM NaCl, and bound proteins were eluted with 100 l 0.1 M glycine, pH 3.2. 2% of the input and flow-through and 10% of bound material were resuspended in 2ϫ SDS-containing sample buffer and analyzed by SDS-PAGE and Coomassie Blue and by immunostaining.
Enzymatic Activity Test-Soluble protein extracts of HEK 293T cells producing GFP-Dnmt1 or GFP-Dnmt1(P1229W) were prepared, and immunoprecipitation was performed as described above. Beads containing the GBP-GFP-Dnmt1 complexes were washed extensively in dilution buffer containing 300 mM NaCl, and after centrifugation the beads were resuspended in 500 l of assay buffer (100 mM KCl, 10 mM Tris, pH 7.6, 1 mM EDTA, 1 mM DTT). Beads were washed (two times) in assay buffer, and after centrifugation (1000 ϫ g for 1 min) 30 l of methylation mixture (0.1 Ci of S- [ 3 H]adenosylmethionine (Amersham Biosciences), 1.67 pmol/l hemimethylated double-stranded 35-bp DNA (50 pmol/l), 160 ng/l BSA) were added. As a positive control 2 g of recombinant purified DNA methyltransferase I (DNMT1) was used. Incubation was carried out for 2.5 h at 37°C, and the reactions were spotted onto DE81 cellulose filters. Subsequently filters were washed (three times) with 0.2 M (NH 4 )HCO 3 , once with H 2 O, and once with 100% EtOH. After drying at 80°C the filter was transferred into a Mini-Poly-Q vial with 5 ml of Ultima Gold LSC Mixture (PerkinElmer Life Sciences), and each sample was measured for 1 min in a scintillation counter (Beckman LS1801). A sample without enzyme addition was used as negative control.
Chromatin Immunoprecipitation Assay and Real Time PCR Analysis-For chromatin immunoprecipitation experiments, formaldehyde was diluted to 1% in serum-free medium, and 15 ml were added to monolayers of C2C12 and C2C12/HMGA1a-GFP cells for 10 min at room temperature. The cross-link was stopped by adding 1.5 ml of 1.25 M glycine. After removal of the medium, cells were washed (two times) on plates with cold 1ϫ PBS, scraped off, and washed again in cold 1ϫ PBS and once with hypotonic LSB buffer (10 mM Hepes, pH 7.9, 10 mM KCl, 1.5 mM MgCl 2 ). Cells were resuspended in 2.7 ml of LSB buffer and lysed by adding 300 l of 20% Sarkosyl. The chromatin was carefully layered onto a 40-ml sucrose cushion (LSB buffer plus 100 mM sucrose) and centrifuged (10 min at 4°C at 4000 ϫ g). Supernatant was removed, and the chromatin was resuspended in 2 ml of TE (10 mM Tris, 0.5 mM EDTA, pH 8.0) and sonicated (Branson sonifier 250-D, 35% amplitude, 2 min in 1-s intervals). For each immunoprecipitation, 500 g of the nucleoprotein were adjusted with 1 ⁄10 volume of 1ϫ NET (50 mM Tris, 150 mM NaCl, 0.5 M EDTA, 0.5% Nonidet P-40). 10 g of two anti-GFP monoclonal antibodies (clones 7.1 and 13.1; Roche Diagnostics), a mouse IgG1 isotype control, and 5 g of GFP-nanotrap were incubated overnight at 4°C. The purification of co-precipitated DNA was performed as described above. Real time PCR was performed with the Light Cycler instrument (Roche Diagnostics) using a ready-to-use "hot start" reaction mixture (FastStart DNA Master SYBR Green I; Roche Diagnostics). Real time PCR analysis was performed according to the manufacturer's instructions using the same parameters as described previously (24) . The list of primer pairs is given in supplemental Table 1 .
RESULTS
Ideally the subcellular localization and binding dynamics of fluorescent fusion proteins should be complemented with biochemical data on interacting factors, enzymatic activity, and DNA binding properties (Fig. 1 ). To generate a nanotrap for fast and efficient purification of GFP fusion proteins we used a small recombinant 13-kDa GBP comprising the epitope recognition domain of a heavy chain antibody raised in an alpaca (Lama pacos) against GFP (17) . The GBP was fused with a C-terminal histidine (His 6 ) tag, produced in E. coli, and purified by IMAC (supplemental Fig. S1A ). Subsequent gel filtration analysis showed a single elution peak at about 13 kDa indicating that the GBP can easily be produced and purified as a stable monomer (supplemental Fig. S1B ). For a first functional analysis we tested the binding capacity of the GBP to purified GFP. Equimolar amounts of both proteins were mixed and incubated for about 20 min. Subsequent gel filtration analysis showed that the GBP and its antigen rapidly assemble into a stable, stoichiometric complex with a corresponding native molecular mass of 41 kDa (supplemental Fig.  S2 ). We then tested the ability of GBP to precipitate its antigen from cell extracts and directly compared its performance with mono-and polyclonal anti-GFP antibodies. GBP and anti-GFP antibodies were added to protein extracts of HEK 293T cells expressing GFP. Precipitated proteins were separated by SDS-PAGE and visualized by Coomassie Blue or immunoblot analysis (Fig. 2A) . After precipitation with GBP only two protein bands (GFP at ϳ28 kDa and the GBP itself at ϳ13 kDa) were detectable, whereas additional bands corresponding to the light and heavy chains of the denatured IgGs as well as unspecifically precipitated proteins could be observed in immunoprecipitations with the mono-and polyclonal anti-GFP antibodies. The quantitative comparison of precipitated GFP in relation to antibody input showed that the GBP is clearly more efficient than established mono-and polyclonal antibodies ( Fig. 2A and supplemental Fig. S3 ).
Conveniently GBP complexes can be immobilized and precipitated with protein A-agarose just like conventional antibodies ( Fig. 2A, left panel) . However, to prevent elution of the GBP itself and to avoid any interference with subsequent analyses we covalently coupled GBP to N-hydroxysuccinimideSepharose beads generating a stable GFP-binding matrix (GFP-nanotrap). This GFP-nanotrap allowed a very fast (5-min) column-based purification of GFP from total cell extracts yielding a single protein band without any visible unspecific protein contamination (Fig. 2B, right panel) . Moreover the immunoblotting analysis revealed a quantitative precipitation of the antigen visible as depletion of GFP from the flowthrough fraction.
To analyze the specificity of GBP we performed immunoprecipitation with a set of different fluorescent proteins. Besides GFP itself, GBP recognizes the yellow variant YFP but not CFP or any derivatives of DsRed like mRFP, mCherry, or mOrange (supplemental Fig. S4 ). To further characterize the binding properties of GBP we tested different salt, temperature, and pH conditions. First, we increased the NaCl molarity of the binding buffer from 0.15 to 2 M and found that GBP precipitates its antigen even under high salt conditions (supplemental Fig. S5A ). Second, we tested different incubation temperatures and observed quantitative precipitation of GFP even at 65°C (supplemental Fig. S5B ) demonstrating the temperature-stable folding and binding of GBP. Third, we tested the elution of bound epitope at different pH conditions. GFP was stably bound in the range from pH 4 up to pH 11. Lowering the pH to 3.2 caused quantitative release of GFP providing a fast and efficient method to elute bound antigen complexes from the GFP-nanotrap (supplemental Fig. S5C ).
To investigate whether GBP also precipitates GFP fusion proteins we chose four well characterized constructs from different subcellular compartments: GFP-␤-actin (25), GFPLamin B1 (26) , GFP-PCNA (20) , and H2B-GFP (27) . Cells transiently or stably expressing the fusion proteins were analyzed by confocal microscopy to determine the subcellular localization of the GFP fusion protein (Fig. 2B, upper panel) . Subsequently cells were harvested, and GFP fusion proteins were precipitated with the GFP-nanotrap followed by Coomassie staining and Western blot analysis (Fig. 2B, lower  panel) . The results show that GBP efficiently precipitated Nor C-terminal GFP fusion proteins from different subcellular compartments and structures.
One of the most interesting applications of the GBP is the possibility to correlate subcellular localization, dynamics, and complex formation of specific proteins and mutants thereof. We had previously identified a deletion mutant of Dnmt1 lacking the PCNA interaction domain (Dnmt1⌬-PBD) (28) . In comparison with wild-type Dnmt1 (GFP-Dnmt1) the fluorescent labeled mutant (GFP-Dnmt1⌬-PBD) showed no colocalization with the red fluorescent PCNA (mRFP-PCNA) during S phase (Fig. 2C, upper panel) . We then compared this observation from living cells with biochemical data. Cells were lysed immediately after microscopic analysis and subjected to immunoprecipitation with the GFP-nanotrap. Immunoblot analysis showed that mRFP-PCNA co-precipitates with GFPDnmt1 but not with GFP-Dnmt1⌬-PBD (Fig. 2C, lower panel) . The unbound mRFP-PCNA fraction reflects the transient nature of the Dnmt1-PCNA interaction during S phase (21) . In addition, we also detected endogenous PCNA co-precipitating with GFP-Dnmt1 but not with GFP-Dnmt1⌬-PBD, demonstrating that GBP can also pick up interacting endogenous proteins. These results show that the GFP-nanotrap is suitable to identify (even) transiently interacting factors and cell cycle-dependent complexes. Taking advantage of its avid and specific binding we now routinely use the GFP-nanotrap to identify interacting factors by MALDI mass spectrometry.
A critical question in live cell studies is whether the fluorescent fusion proteins are enzymatically active and have biochemical properties similar to their endogenous counterparts. For fast determination of enzymatic activity we chose fluorescent fusion constructs of the murine Dnmt1, which are actively investigated in our laboratory. With live cell microscopy we could not distinguish the active GFP-Dnmt1 (wild type) and an enzymatically inactive version, GFP-Dnmt1(P1229W) (Fig. 3, upper panel) . After visualization of the fluorescent Dnmt1 constructs in nuclei of mammalian cells both proteins were one-step purified from cell extracts with the GFP-nanotrap (Fig. 3, middle panel) and directly assayed for enzymatic taining GBP directly coupled to Sepharose (GFP-nanotrap), and bound proteins were eluted. B, one-step purification of GFP fusion proteins with the GFP-nanotrap. Representative images of HeLa cells producing GFP-␤-actin, GFP-Lamin B1, GFP-PCNA, or H2B-GFP are shown (upper panel). Cells were lysed, and GFP fusion proteins were one-step purified with the GFP-nanotrap. C, co-precipitation of GFP fusion proteins and interacting factors. HeLa cells coexpressing either GFP-Dnmt1 or a deletion mutant of Dnmt1 (GFP-Dnmt1⌬-PBD) together with the red fluorescent version of PCNA (mRFP-PCNA) were analyzed by live cell microscopy. Representative confocal images of two cells in early-to-mid S phase are shown (scale bar, 5 m). Subsequently cells were lysed and subjected to immunoprecipitation with the GFP-nanotrap. wt, wild type.
FIG. 2. One-step purification of fluorescent proteins.
A, immunoprecipitation of GFP. Left panel, comparison of GBP with monoand polyclonal anti-GFP antibodies. Protein extracts of GFP-producing HEK 293T cells were subjected to immunoprecipitation with GBP, mono-, or polyclonal anti-GFP antibodies. Throughout (A-C) aliquots of input (I), flow-through (FT), and bound fraction (B) were separated by SDS-PAGE and visualized either by Coomassie Blue (top) or by immunoblot analysis (bottom). Precipitated GFP, denatured heavy (hc) and light chains (lc) of the IgGs, and the GBP are marked by arrows. Right panel, column-based purification with the GFP-nanotrap. GFP-containing protein extracts were loaded on a column con-measurements. GFP-Dnmt1 showed a specific DNA methyltransferase activity similar to that of purified recombinant DNMT1 (Fig. 3, lower panel) . The comparison with the catalytically inactive GFP-Dnmt1(P1229W) revealed that the endogenous DNA methyltransferase activities of mammalian cells were efficiently removed by this quick one-step purification. These results demonstrate that the GFP-nanotrap is a highly efficient tool for quick and reliable biochemical characterization of fluorescent fusion proteins.
To investigate whether the GFP-nanotrap has the required specificity to function in chromatin immunoprecipitations we performed ChIP experiments using a mouse myoblast cell line stably expressing a GFP fusion of the high mobility group protein A1a (HMGA1a-GFP). 2 We analyzed the promoter regions of the Interleukin 6 and Igf-binding protein 1 genes that are known to preferentially bind HMGA1a (29 -32) . 500 g of formaldehyde-cross-linked nucleoprotein were subjected to immunoprecipitation with the GFP-nanotrap and compared with commercially available GFP-specific antibodies. Only the GFP-nanotrap showed a reproducible 3-fold enrichment of promoter fragments over distal sites. This preferential binding of HMGA1a-GFP at the specific promoter sites was not detectable with conventional GFP-specific antibodies (Fig. 4) . The parental C2C12 cells not expressing HMGA1a-GFP showed no specific enrichment of any sequences in comparison with the isotype control (data not shown). These data confirm the high specificity and sensitivity of the GFP-nanotrap.
These experiments show in vitro applications of the GFPbinding protein. In a second step we explored potential in vivo applications and placed the coding region of the GFP-binding protein at a defined position within the cell by fusing it to a structural component of the nuclear envelope. We fused the GBP with Lamin B1 (GBP-Lamin B1) to generate a cellular nanotrap at the nuclear lamina. As described above, GBP efficiently recognized and bound YFP but not the blue variant CFP in vitro (supplemental Fig. S4 ). To compare these biochemical data with binding specificity in living cells we transfected HeLa cells with GBP-Lamin B1, GFP, and CFP and determined the distribution of GFP and CFP with respect to the GFP-nanotrap positioned at the nuclear lamina. Confocal microscopy showed that only GFP was exclusively localized at the nuclear lamina, whereas CFP showed a strikingly different, disperse distribution throughout the cell (Fig. 5A) . Sequence alignment of GFP, YFP, and CFP showed that CFP differs from the two other fluorescent proteins at two relevant amino acid positions (Fig. 5B) . To define the epitope recognized by GBP we introduced single mutations reverting stepwise CFP to GFP. We found that the exchange of isoleucine at position 147 to asparagine (I147N) restored binding to the GFP-nanotrap, whereas mutating methionine at position 154 to a tryptophan (T154M) did not restore any detectable binding (Fig. 5C ). This demonstrates the high selectivity and specificity of the GBP in vitro and in vivo even allowing detection of single amino acid substitutions. Finally we analyzed whether the GFP-nanotrap can be used to manipulate endogenous factors and cellular structures. As a target we chose the endogenous PML. The PML is organized in nuclear PML bodies, which play a role in regulation of gene expression, apoptosis, DNA repair, and proteolysis (33, 34) . We could detect 10 -30 PML bodies by immunofluorescence staining of PML in HeLa cells where PML bodies are evenly distributed throughout the nucleus (data not shown). In transiently transfected cells PML bodies are highlighted by the green fluorescence of the GFP-PML (35) fusion protein and immunostaining with a specific antibody against PML (Fig. 6A) . Upon expression of GBP-Lamin B1 green fluorescent labeled PML bodies were exclusively found at the nuclear rim, and subsequent antibody staining confirmed the depletion of endogenous PML from the nuclear interior (Fig. 6B ). These results demonstrate the potential of the GFP-nanotrap not only to recruit GFP fusion proteins but also interacting endogenous factors. 2 J. Brocher and R. Hock, manuscript submitted.
FIG. 3. GFP fusion proteins retain their enzymatic activity after purification with the GFP-nanotrap.
Representative images of nuclei from HeLa cells show the endogenous Dnmt1, GFP-Dnmt1, or catalytically inactive mutant GFP-Dnmt1(P1229W) (top). Soluble protein extracts containing GFP-Dnmt1 or GFP-Dnmt1(P1229W) were one step-purified with the GFP-nanotrap and analyzed by SDS-PAGE followed by Coomassie Blue staining (middle). DNA methyltransferase activity of purified GFP fusion proteins (ϳ4 g each) and recombinant DNMT1 (ϳ2 g) were determined (bottom). n ϭ 4; error bars show standard deviation.
DISCUSSION
One challenge of the postgenomics era is the effective integration of genetic, biochemical, and cell biological data. This integration has in part been impeded by the simple fact that different protein tags are used for different applications. Here we present a GBP as a simple, robust, and versatile tool for biochemical analyses of GFP fusion proteins and even functional studies in vivo. The small and stable GBP has several decisive advantages over the conventional, 10 times larger, mono-and polyclonal antibodies. First, the GBP can be produced in bacteria in unlimited quantities and with reproducible quality and can easily be coupled to beads or matrices. Second, the high affinity of single chain GBP allows short (5-30-min) incubations to isolate fluorescent fusion proteins and even transiently bound factors from different cellular compartments. Third, its small size of about 13 kDa minimizes unspecific binding and entirely avoids contamination by heavy and light chains of conventional antibodies (50 and 25 kDa) that normally interfere with subsequent analyses.
The specificity of the GFP-nanotrap was further underlined by ChIP experiments with stable cells expressing a HMGA1a-GFP fusion. Analyzing DNA binding at two gene loci with the FIG. 5 . Specificity of the GFP-nanotrap. A, in HeLa cells expressing GFP, CFP, and GBP-Lamin B1 GFP is exclusively localized at the nuclear lamina, whereas CFP is dispersedly distributed. B, amino acid sequence alignment of GFP, CFP, CFP I147N, and CFP T154M. Non-conserved residues are marked in red. The crystal structure of GFP (36) is shown, and the asparagine at position 147 is displayed as a blue sphere using PyMOL Version 0.99 (DeLano Scientific LLC). C, soluble protein extracts of HEK 293T cells expressing GFP, CFP, CFP I147N, and CFP T154M were subjected to one-step purification with the GFP-nanotrap. Input (I) and bound fractions (B) were separated by SDS-PAGE and analyzed by Coomassie Blue staining and by immunoblotting with anti-GFP antibody.
FIG. 4.
ChIP analysis with the GFP-nanotrap. For ChIP experiments, 500 g of C2C12/HMGA1a-GFP cells were subjected to immunoprecipitation using 5 g of GFP-nanotrap, 10 g of anti-GFP antibody (monoclonal), and 10 g of mouse IgG1 isotype control, respectively. Co-precipitated DNA was quantified by real time PCR analysis using primer pairs of the IgfBP1 and Il6 promoter regions and indicated downstream regions (distal region 1/2). Results obtained for the Interleukin 6 and IgfBP1 promotor are shown in dark gray. Column heights indicate the relative enrichment obtained in two independent experiments as the difference between PCR values obtained with the GFPnanotrap and anti-GFP antibodies over mouse IgG1 isotype control antibodies.
GFP-nanotrap we detected a preferential binding of HMGA1a at the promoter regions that was far less evident with established anti-GFP antibodies.
In conclusion, this versatile GFP-nanotrap together with the widespread use of fluorescent fusion proteins now enables a fast and direct correlation of the subcellular localization and mobility of fluorescent fusion proteins with their enzymatic activity, interacting factors, and DNA binding properties combining cell biology and biochemistry with mutual benefits. Unlike conventional antibodies, the GFP-nanotrap can also be used for functional studies in vivo. We demonstrated that GBP can be fused with cellular proteins to set a GFP-nanotrap at a defined subcellular site to either ectopically recruit GFP fusion proteins and their associated factors or deplete them from their native surroundings. In one example we anchored the GBP at the nuclear lamina to capture nuclear bodies. Multiple other applications are possible because any GFP fusion protein can be combined with any cellular anchor point. The use of GBP as a nanotrap in living cells opens up an entire spectrum of new types of functional studies to probe and manipulate cellular processes and structures. FIG. 6 . Targeted manipulation of nuclear structures with the GFP-nanotrap. HeLa cells producing GFP-PML either alone or in combination with GBPLamin B1 are shown. Illustrating outlines are shown on the left. A, GFP-PML is assembled into endogenous PML bodies shown by immunofluorescence staining with an anti-PML antibody. B, coexpression of the GBP-Lamin B1 together with GFP-PML leads to a depletion of PML bodies from the nuclear interior shown by the absence of PML bodies in the nuclear interior after immunostaining with an anti-PML antibody.
